Abstract Breast cancer is the second most frequent cancer affecting women worldwide after lung cancer. The toxicity factor associated with synthetic drugs has turned the attention toward natural compounds as the primary focus of interest as anticancer agents. Vitamin E derivatives consisting of the well-established tocopherols and their analogs namely tocotrienols have been extensively studied due to their remarkable biological properties. While tocopherols have failed to offer protection, tocotrienols, in particular, a-, d-, and c-tocotrienols alone and in combination have demonstrated anticancer properties. The discovery of the antiangiogenic, antiproliferative, and apoptotic effects of tocotrienols, as well as their role as an inducer of immunological functions, not only reveals a new horizon as a potent antitumor agent but also reinforces the notion that tocotrienols are indeed more than antioxidants. On the basis of a transcriptomic platform, we have recently demonstrated a novel mechanism for tocotrienol activity that involves estrogen receptor (ER) signaling. In silico simulations and in vitro binding analyses indicate a high affinity of specific forms of tocotrienols for ERb, but not for ERa. Moreover, we have demonstrated that specific tocotrienols increase ERb translocation into the nucleus which, in turn, activates the expression of estrogenresponsive genes (MIC-1, EGR-1 and Cathepsin D) in breast cancer cells only expressing ERb cells (MDA-MB-231) and in cells expressing both ER isoforms (MCF-7). The binding of specific tocotrienol forms to ERb is associated with the alteration of cell morphology, caspase-3 activation, DNA fragmentation, and apoptosis. Furthermore, a recently concluded clinical trial seems to suggest that tocotrienols in combination with tamoxifen may have the potential to extend breast cancer-specific survival.
Introduction
Cancer is a leading cause of death worldwide. The disease accounts for 1.38 million new cases diagnosed in 2008 worldwide (Charts Bin 2010) . In the United States of America, about 1 in 8 women will develop invasive breast cancer in her lifetime (Org 2010) with 207,900 new cases and 39,840 deaths estimated in 2010 (National Cancer Institute 2010; Cancer.Org 2010) . Major risk factors for breast cancer include a family history of breast cancer, early menarche, late age at first child birth, late age at menopause, and history of benign breast disease. With the exception of the genetic predisposition to the disease, the rest of the risk factors point to the lifetime exposure of women to estrogen. Estrogen does not cause the disease but is involved in the progression and development of breast cancer (Platet et al. 2004) . Antiestrogens are therefore used as therapy in the control of breast cancer progression (Ingram et al. 1991) .
Tamoxifen has been the standard first-line endocrine therapy for patients with estrogen receptor (ER)-positive tumors. However, almost all patients with advanced disease develop tamoxifen resistance. This has lead to a search for new potent antiestrogens (Fog et al. 2005; Biswas et al. 2001) .
International variation in breast cancer incidence rates and changes in incidence among migrant population indicate that breast cancer risk is also influenced by environmental factors, in particular diet, and is therefore preventable. Recent scientific investigations have been made to discover possible functional properties of antioxidants in the diet, which could be efficient in preventing diseases like cancer. One such antioxidant is tocotrienols. Tocotrienols are isomers of vitamin E and are found in abundance in palm oil (Sylvester and Shah 2005) .
Various tocotrienol isomers of vitamin E in palm oil have been reported to have interesting biological and physiological properties. They include potential blood cholesterol-lowering and cardioprotective effects, more efficient antioxidant activity in biological systems, and possible anticancer and neuroprotective effects (Nesaretnam 2008) .
This review will summarize the evidence to date on breast cancer and tocotrienols.
Historical perspective of palm tocotrienols
Initial studies have shown that unlike many other fats and oils, palm oil does not enhance the yield of chemically induced mammary tumors when fed to rats at high levels (20% w/w fat) in a semi-purified diet (Sylvester et al. 1986; Sundram et al. 1989) . It was then reported that linoleic acid which was known to promote mammary carcinogenesis was present in only minute amounts in palm oil. This may have accounted for the lower tumor-promoting effect of palm oil compared with the other fats tested (Dayton et al. 1977) . Subsequently, however, Nesaretnam et al. (1992) , reported that palm oil stripped of vitamin E-promoted tumorigenesis in rats induced with DMBA. This was the first study to provide the evidence that vitamin E mainly consisting of tocotrienols and tocopherols contributed to the anticarcinogenic effect of palm oil. Further studies in vitro showed that only tocotrienols had anticarcinogenic properties while tocopherols failed to show their anticarcinogenic properties.
In vitro studies
In the last decade, tocotrienols have gained much attention due to their antioxidant and antiproliferative nature in many human tumors (Nesaretnam et al. 2007 ). An in vitro study by Nesaretnam et al. (1995) , revealed that the tocotrienol-rich fraction or TRF was able to inhibit the MDA-MB-435 cell proliferation by 50% at only 180 lg/mL. Interestingly, a subsequent study on ZR-75-1 breast cancer cells only required 6 lg/mL of tocotrienols to exert growth-inhibitory effects (Nesaretnam et al. 2000) .
In the prognosis of breast cancer, the status of estrogen receptor (ER) is used. Prior to 1996, only ER-a existed. In 1996, however, a second estrogen receptor was discovered and named as ER-b. This receptor was found to be more expressed compared with ER-a in cancer cells. Both receptors exert opposite effects in the activator protein 1 (AP-1) signaling pathway. ER-a activates transcription while ER-b inhibits it (Balfe et al. 2004) . Two ER-b cohorts exist; one is coexpressed with ER-a, and the other is not. The latter has been investigated as a potential target for anticancer mechanisms as well as therapy (Cullen et al. 2001; Skliris et al. 2008) . A recent study by Comitato et al., revealed a novel mechanism for tocotrienols targeting ER signaling. High-affinity binding existed between tocotrienols and ER-b through hydrogen bonding as demonstrated by in silico simulations and in vitro binding analysis in MDA-MB-231 cell lines. This interaction enhanced the ER-b translocation into the nucleus to activate estrogenresponsive genes (MIC-1, EGP-1, and cathepsin D). Overexpression of MIC-1 by tocotrienol induced cell cycle arrest in S-phase and apoptosis. Alteration of cell morphology, DNA fragmentation, and caspase-3 activation associated with tocotrienol treatment has been suggested as the molecular mechanism contributing to the effectiveness of c-and d-tocotrienols (Comitato et al. 2009) . Following this observation, Comitato and colleagues conducted a further study on MCF-7 cells that express both ER-a and ER-b. Significant inhibition of ER-a was observed following elevated levels of ER-b nuclear translocation implying a novel mechanism of action for tocotrienols (Comitato et al. 2010) .
The effects of TRF and a-tocopherol both alone and in combination with tamoxifen were tested on MCF-7 and MDA-MB-435 cells. Tamoxifen is the common and mostprescribed drug particularly for estrogen receptor-positive breast cancer. Since it is an estrogen antagonist, it is also known as antiestrogen or SERM (selective estrogen receptor modulator) (National Cancer Institute 2010) . Based on the results of this study, tocotrienols in combination with tamoxifen showed antiproliferative effect and synergism in both cell lines. It was suggested that this synergism was the result of different mechanisms for tocotrienols and tamoxifen (Guthrie et al. 1997 ). In addition, tocotrienols displayed different growth-inhibitory response in MCF-7 and MDA cells. At 8 lg/mL, 100% growth inhibition was observed in MCF cells whereas only 44% inhibition was observed in MDA cells. The d-and c-tocotrienols were found to be the most potent growth inhibitors. Since breast cancer patients develop resistance to tamoxifen, this may justify the use of tocotrienols and provides a platform for future clinical studies (Nesaretnam et al. 1998) .
The antiproliferative and apoptotic effects of different isoforms of tocotrienols in preneoplastic (CL-S1), neoplastic (-SA), and highly malignant (?SA) mammary epithelial cells have also been studied. The treatment with tocotrienols displayed stronger antiproliferative and apoptotic effects as reported previously (Nesaretnam et al. 1998 (Nesaretnam et al. , 2000 (Nesaretnam et al. , 2007 . The inhibitory potency of d-tocotrienol was higher compared with that of c-and a-tocotrienols. Highly malignant (?SA) cells were the most sensitive to the antiproliferative and apoptotic effects of tocotrienols, while the least sensitivity was shown by preneoplastic (CL-S1) cells. It was suggested that the higher biopotency of tocotrienols may be attributed to the presence of unsaturated phytyl chain that enhances the uptake into the cells causing higher concentration in the cells. Eventually, this would lead to greater biological response in reducing the risk of breast cancer (McIntyre et al. 2000) .
Apoptosis or programmed cell death involves caspases, which are enzymes responsible for proteolytic cleavages that lead to cell death. Two mechanisms are involved in apoptosis: death receptor (subgroup of tumor necrosis factor (TNF) superfamily) activation, and mitochondrial stress apoptotic signaling pathways. The former involves the activation of caspase-3, caspase-6, or caspase-8 while the mitochondrial stress pathway activates caspase-9. Initial studies proposed that tocotrienols mediate antiapoptotic activity through these two mechanisms. In contrast, a study carried out by Shah and Sylvester, on malignant mouse mammary epithelial cells demonstrated that c-tocotrienol suppressed PI3 K/PDK/Akt signaling pathway instead of the apoptotic pathways. Upregulation of PI3 K/PDK/Akt mitogenic pathway is a common finding in tumor cells as this pathway increases the expression of FLICE-inhibitory protein (FLIP). FLIP in turn inhibits the activation of caspase-8 and is associated with increased cell survival and resistance to apoptosis. Therefore, this study suggests that c-tocotrienol causes apoptosis by activating caspase-3 and caspase-8 independent of the death receptor and mitochondrial apoptotic signaling (Mo and Elson 1999; Yu et al. 1999; Shah and Sylvester 2004) .
The involvement of gene expression by tocotrienols has been reported by Nesaretnam et al. Based on cDNA array analysis, tocotrienol treatment in both MCF-7 and MDA-MB-231 cells modulated the expression of three genes in a similar manner in both cell lines. Both c-myc-binding protein MM-1 and the 23-kDA highly basic protein (23-kDa HBP) were onefold upregulated. Meanwhile, the interferon inducible protein 9-27 (IFITM-1) showed a twofold downregulation. These proteins may play a significant role in cell cycle and thus exhibit inhibitory effects on cell growth and proliferation. CD74/Ii is involved in presenting processed peptides to the CD4 ? T lymphocytes. Overexpression of CD 74/Ii facilitates the evasion of tumor cells from the host immune response. Tocotrienols were shown to mediate their antitumor effect by significantly reducing the expression of CD 74/Ii to inhibit the ability of tumor cells to evade from host immune system surveillance (Nesaretnam et al. 2004 ).
Yap et al., proposed a different mechanism for the effects of tocotrienols in cancer cells. Based on their research using MDA-MB-231 cancer cells, c-tocotrienol targeted Id1, an inhibitor of differentiation. Id1 is a member of Helix-Loop-Helix protein family, which plays a major role in breast epithelial cell proliferation, differentiation, and tumorigenesis. Many aggressive and invasive cancers demonstrated upregulation of Id1 gene. Increased Id1 expressions are associated with poor prognosis of cancer. Treatment with c-tocotrienol, however, downregulated Id1 by modulating its upstream modulators (Src, Smad 1/5/8, LOX). Phosphorylation of Src and expression of Smad 1/5/8 were suppressed while LOX was inactivated. The invasive nature of cancer cells related to the activation of LOX was also repressed. These were evident from the activation of pro-caspases, fragmentation of DNA, and accumulation of sub-G1 cells (Yap et al. 2010) .
Almost 30% of women diagnosed with early-stage breast cancer have suffered recurrence. Systemic therapies involving cytotoxic and hormonal agents are correlated with the risk of recurrence. Tumors display resistance to anticancer therapy by (a) molecular alteration in the transmembrane drug transport, (b) increase in the repair and detoxification pathways and lastly (c) by molecular alteration of genes resulting in failure in pro-apoptotic response. Currently, the probability for long-term survival in patients may be improved by combining anticancer chemotherapy with tocotrienols (Yap et al. 2010; Yde et al. 2009; Leonessa et al. 1994) .
Statins that comprise a class of drugs namely simvastatin, lovastatin, pravastatin, and mevastatin have been commonly used to treat hypercholesterolemia. Recent evidence shows that in addition to lowering biosynthesis of cholesterol in liver, statins also exhibit chemopreventive effects against cancer. This class of drugs competitively inhibits 3-hydroxy-3-methylglutaryl-coenzyme A (HMGCoA) reductase enzyme, due to the structural resemblance with HMGCoA. HMGCoA reductase is the rate limiting enzyme involved in the synthesis of mevalonate which turns on the downstream mitogenic signaling pathway including MAPK and Akt pathways. Unregulated HMGCoA reductase levels were found to be the cause of mevalonate pathway to be constitutively active in cancer cells. Despite being effective in treating cancer, statins are highly associated with dose-related toxicity that even leads to Genes Nutr (2012) 7:3-9 5 death. Individual statins require 2-8 lM concentration in blood which is 25 mg/kg of oral dose to exert their antiproliferative effect in blood. This, however, is not possible due to their detrimental side effects. The c-tocotrienol, on the other hand acts by increasing the degradation of HMGCoA reductase enzyme in tumor cells but inadequate absorption in the body limits its use as an anticancer agent. Therefore, c-tocotrienol in combination with lower dose of statins potentiates the inhibitory activity of statins. This had a positive outcome whereby a 2-to 11-fold of marked reduction was observed compared with individual treatment with statin in ?SA cells (highly malignant mammary tumor cells) (Wali and Sylvester 2007) . In a study by Wali et al., suppression of mevalonate caused statins to display a compensatory upregulation in HMGCoA reductase levels. This, however, was not seen in the combined treatment with c-tocotrienol. It was suggested that c-tocotrienol counteracts this effect in order to prevent the restoration of mevalonate synthesis. This synergistic combination has another target mechanism, which is the cell cycle arrest. DNA replication and synthesis involve highly regulated phases of G1, S, G2, and M by cyclin and CDK complexes. Most cancer cells display 50% of elevated levels of cyclin D1 that is related to a decrease in cell cycle arrest. Cell cycle analysis following combination treatment of statin and tocotrienols displayed cell cycle arrest without causing apoptosis. This is evidence of the effectiveness of this combination treatment as it is cytostatic and not cytotoxic. Therefore, concerns regarding the toxicity factor related to statin intake and bioavailability of c-tocotrienol can be avoided (Theriault et al. 1999; Wali et al. 2009a, b, c) .
Similar combination treatment has also been tried with celecoxib, a selective COX-2 inhibitor. Over expression of cyclooxygenase-2 (COX-2) has been associated with many types of cancers. Enhanced angiogenesis and metastasis as well as resistance to apoptosis are characteristics of elevated COX-2 levels. Clinical uses of celecoxib have been limited due to cardiovascular and gastrointestinal toxicities (Shafiq et al. 2005 ). Shirode et al., conducted a study using the combination treatment of subeffective dose of celecoxib and c-tocotrienol on ?SA tumor cells. This study clearly demonstrates that this combination suppressed COX-2 levels as well as NFkB and Akt mitogenic pathway activation (Shirode and Sylvester 2010) .
The fact that the homologs of tocotrienols possess anticancer properties (Sen et al. 2006) had been established by Nesaretnam et al. (1995 Nesaretnam et al. ( , 2000 . Pierpauli et al., on the other hand, conducted a comparison study between a-, c-, and d-tocotrienols and their synthetic derivative, a-tocopheryl succinate (a-TOS). The results revealed that c-and d-tocotrienols decreased cell viability effectively in Alamar Blue assay at about half of the concentration (IC 50 ) needed by a-TOS in SKBR3 cancer cell lines. The non-alpha-tocotrienols as well as a-TOS induced mitochondrial dysfunction by upregulating the expression of senescent-like growth arrest markers (p53, p21 and p16) (Pierpaoli et al. 2010) . Moreover, in order to enhance the therapeutic activity of tocotrienols, esterification of vitamin E was carried out to yield redox-silent analogues. These esters displayed enhanced stability and were more water-soluble compared with their parent compounds. Additionally, these esters reduced metastasis of MDA-MB-231 cancer cells, thus providing a new perspective in breast cancer research (Behery et al. 2010) .
In vivo studies
A recent study involved inoculation of human breast cancer cells in athymic mice that were then supplemented with TRF. There was a delayed onset in the formation of tumor and a reduction in the tumor size in the treatment group that was only about one-third compared with the control group. This study produced interesting results, as there was a significant 50-fold increase in the tocotrienol level in the adipose tissue compared with mice in the control group. This data confirmed previous study by Okabe et al. (2002) , on the accumulation and distribution of tocotrienols in diet. Furthermore, it was suggested that TRF showed antineoplastic activity by mimicking the effects of interferon-c based on the upregulation of certain genes responsible for the antiproliferative effects. On the other hand, the downregulation of c-myc gene that is associated with malignant progression of many human tumors was observed in this study. This study implies that TRF might modulate and enhance the immune response in exerting its antitumor effects (Nesaretnam et al. 2004 ).
Tocotrienols were recommended as an adjuvant in dendritic cell-based cancer vaccines due to their ability to inhibit the growth of 4T1 murine mammary tumor cells. Tocotrienols also increased the productions of IFN-c and IL-12 to enhance immune response (Abdul Hafid et al. 2010) . The intake of c-tocotrienols through diet was shown to suppress tumor growth in a syngeneic study (implantation of human breast cancer cells in mice) and triggered apoptosis through endoplasmic reticulum stress, which led to growth arrest and apoptosis in the cancer cells (Healy et al. 2009 ). Endoplasmic reticulum is a membranous network involved in proper folding and post-translational modification of proteins. Disruption to this network occurs in various forms such as inability to fold mutant proteins, viral infection or diminished energy storage due to hypoxia and low-energy supply. This causes accumulation of unfolded or misfolded proteins known as unfolded protein response (UPR), which subsequently leads to the complete shutdown in protein synthesis. Mechanisms to correct this problem will then commence where unfolded proteins will be completely folded whilst misfolded proteins will be subjected to proteasomal degradation. The stress response resulting from the toxic build-up is a normal protective mechanism initiated for cell survival. However, excessive UPR level will lead to an increase in C/EBP homologous protein marker (CHOP). CHOP is a stress marker that switches from pro-survival to pro-apoptotic signal (Healy et al. 2009; Wali et al. 2009d) . In a study by Park et al., supplementation with c-tocotrienol showed an increase in CHOP. Apart from this, expression of death receptor 5 (DR5) was also upregulated. The DR5 is associated with recruitment of adaptor protein that triggered apoptosis. Additionally, 35% mammary tumor load was also reduced suggesting the potential of tocotrienol as an anticancer agent targeting endoplasmic reticulum stress (Park and Sanders 2010) .
The most recent and novel finding in cancer research is the ability of tocotrienols to increase the expression of interleukin-24 (IL-24) mRNA that suppresses tumor growth and induces apoptosis without harming normal cells. Selvaduray and colleagues reported an increase in the expression of IL-24 mRNA and at the same time IL-8, and vascular endothelial growth factor (VEGF) was downregulated. These compounds play an essential role in tumor growth and development. Reduced tumor incidence and size as well as the potency of the individual tocotrienol compounds in inhibiting 4T1 murine mammary cancer cells were similar to the previous studies (Nesaretnam et al. 2007; McIntyre et al. 2000) . These findings confirm the role of IL-24 as an antiangiogenic and antitumor compound .
Clinical trials
Researchers from the Malaysian Palm Oil Board have carried out two clinical trials on the efficacy of tocotrienols in breast cancer patients. The first study was conducted to look at the differences in tocopherol and tocotrienol concentrations in malignant and benign adipose tissues in breast cancer patients primarily consuming a palm oil diet. The results revealed a higher concentration of tocotrienols (a, d and c), approximately 65% higher in the adipose tissues of patients with benign breast lumps, compared with that of patients with malignant tumors. Only d-tocopherol showed a decreased level in malignant adipose tissue whereas a-and c-tocopherols did not show any difference. The presence of the unsaturated side chain in tocotrienols allowed for greater penetration into the adipose tissue with better distribution in the saturated fatty layers (Yoshida et al. 2003) . The higher concentration of tocotrienols in benign patients may be associated with the protective effect of tocotrienols against breast cancer. The Malaysian diet predominantly contains palm oil with high amounts of tocotrienols, and therefore, it is plausible that dietary tocotrienols in palm oil confer modest protection from breast cancer (Nesaretnam et al. 2007 ).
The most recent study conducted in MPOB was a novel pilot clinical trial. Previous studies indicated that tocotrienols exert synergistic effects with tamoxifen in vivo. In this clinical trial, which is the first of this nature, women with primary estrogen receptor-positive breast cancer were given a combination of tamoxifen and tocotrienol for 5 years. Interestingly, the risk of dying due to breast cancer decreased by 70% in patients taking the combination of tocotrienol and tamoxifen compared with the patients only receiving tamoxifen. In the meantime, the risk of recurrence was 20% lower in those receiving both tocotrienol and tamoxifen compared with the control group only receiving placebo plus tamoxifen. One of the parameters that were studied over the 5 years was the levels of interferon-gamma (IFN-c) between the two groups of patients. IFN-c, which indicates the enhancement of immune response, was found to be significantly elevated in the treatment group compared with the placebo group (Fig. 1) . The numbers needed to treat (NNT) is an indication of the effectiveness of the intervention. From this study, the NNT, which was 30, indicated that the combined treatment of tocotrienol and tamoxifen may prevent one patient in every 30 from dying due to breast cancer (Table 1) . Therefore, these results suggest that the synergistic effect of tocotrienols and tamoxifen might contribute to the lower risk of dying and recurrence of breast cancer . 
Conclusion
Advances in chemopreventive approaches would be an immense breakthrough in lowering the mortality rate associated with breast cancer in women. Supplementation or treatment with palm tocotrienols has shown encouraging results mainly from in vitro and in vivo studies. The studies conducted demonstrated that tocotrienols have convincing potential in suppressing and inhibiting the growth of mammary tumor cells. Combined treatment with statins, celecoxib, and tamoxifen resulted in a significantly enhanced synergistic response compared with high doses of treatment with individual compounds. Interestingly, this effect was observed using lower doses of the anticancer agent in combination with tocotrienols, suggesting that the toxicity factor related to these drugs may be avoided. The recent clinical trial, even though is reported as a null study, displayed promising reduction in the risk and recurrence free survival in women with early breast cancer. Future clinical studies must be carried out in order to substantiate these findings. Nevertheless, tocotrienols exhibit potential as anticancer agents to be used in combination treatment as well as to enhance therapeutic responsiveness in breast cancer patients. 
